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This work was aimed at investigating the performance of the anaerobic bafﬂed reactor (ABR) for treat-
ment of municipal wastewater at various hydraulic retention time (HRT). An effort was also made to
improve the performance of ABR opting two strategies of efﬂuent recirculation and electrochemical
process integration. The mean steady-state removal of TSS, tCOD (total chemical oxygen demand), sCOD
(soluble COD) and BOD (biochemical oxygen demand) at HRT of 48 h was 93 ± 1, 89 ± 1, 82 ± 1 and
92 ± 1%, respectively. The performance of ABR decreased when the HRT was decreased from 48 to 24 h.
The efﬂuent recirculation did not improve the performance of ABR. The integration of electrochemical
process with the ABR (EABR) using a pair of electrodes (steel or aluminum) could enhance the removal of
contaminants in the ABR. The EABR with steel electrodes at the current density of 0.1 mA cm2 at the
HRT of 24 h could decrease the concentrations of TSS, tCOD, BOD, sulfate and phosphate in the waste-
water to the standard limits for discharge into surface water bodies. Therefore, EABR is a promising and
efﬁcient technology appropriate for domestic wastewater treatment mainly in the developing countries.
© 2016 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).1. Introduction
Anaerobic treatment of wastewater gained wide attention
among researches and sanitary engineers, mainly due to its
economical merits over the conventional aerobic methods. The
major advantages of anaerobic treatment are: (1) no need to
aeration and thus less energy requirement, (2) very low excess
sludge production which reduces the cost of sludge management
and disposal, (3) biogas production with high energy content that
can be used as a fuel, (4) low nutrients requirement, and (5)
application of high organic loading and thus space saving [1]. These
feature posse the anaerobic process as a viable option for treatment
of municipal wastewater particularly in developing countries.
A large number of full-scale anaerobic treatment plants using
different anaerobic reactors including upﬂow anaerobic sludge
blanket (UASB) and expanded granular sludge bed [2] with thesavi).
Institute of Environmental
l Engineering, Taiwan. Production
d/4.0/).satisfactory removal efﬁciencies have been built throughout the
world [3]. However, these technologies have not beenwell-adopted
for the decentralized treatment of rural and urban sewage in the
most of developing countries because they need complex mainte-
nance and control, and skilled manufacturers and operators.
Among the high rate anaerobic reactors, anaerobic bafﬂed reactor
(ABR) are promising for municipal wastewater treatment in such a
case. ABR is described as a series of UASB reactors in which the
wastewater is forced to ﬂow under and over of a series of the
vertical bafﬂes as it passes from the inlet to the outlet.
The compartmentalization of the reactor prevents horizontally
movement of the biomass and thus a high amount of active biomass
retains in each compartment. Indeed the bacteria within the
reactor tend to rise and settle with gas production in each
compartment [4]. This feature provides the excellent contact be-
tween the contaminants and the microorganisms, longer biomass
retention times and better resilience to organic and hydraulic shock
loadings [5]. The main feature of ABR as compared to other high-
rate anaerobic reactors is its simplicity to design, construct and
operate. Few studies have been performed on the treatment of
municipal wastewater by ABR. The recent publications have
revealed the potential of ABR for treatment of wastewater fromand hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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of the low-quality efﬂuents when treating the domestic and
municipal wastewaters which may not satisfy the discharge stan-
dards. The removal of nitrogenous pollutants in these bioreactors is
also an environmental challenge [6].
Therefore intensive research works have been conducted on the
enhancement of the ABR's performance to take its unique features
in treatment of municipal wastewater. One of the main modiﬁca-
tions proposed for improvement of the ABR performance is its
integration with the ﬁxed-bed process [7e9]. Another interesting
alternative to improve with performance of ABR might be its
integration with the electrochemical process. The electrochemical
process produces in-situ coagulants which result in the occurrence
of the electrocoagulation process and thus increasing the removal
of the contaminants [10,11].
Accordingly, this study was aimed at integrating the electro-
chemical process with the ABR for improving its performance in
treating municipal wastewater. At ﬁrst, upon the start up of the
ABR, its performance in treating the municipal wastewater was
evaluated at different hydraulic retention times (HRT). Then an
electrochemical process was integrated with the ABR and the effect
of various electrical densities was investigated on the enhancement
of the ABR efﬂuent quality.Table 1
The average main characteristics of the raw municipal wastewater used in this
study.
Parametera Value (mean ± SD)b
TSS 267 ± 14
BOD 352 ± 24
Total COD 564 ± 37
Soluble COD 277 ± 17
pH 7.4e7.6
Phosphate 23 ± 2
Total Kjeldhal nitrogen (TKN) 66 ± 8
Ammonia nitrogen 57 ± 11
Nitrate 2.4 ± 0.3
Sulfate 76 ± 9
Total alkalinity, as CaCO3 513 ± 20
a All unit expressed as mg L1 except for pH.
b Total number of samples ¼ 273.2. Materials and methods
2.1. Setup of the reactors
A bench-scale ABR setup was fabricated from Plexiglas sheet
and installed in Khoy city wastewater treatment plant, western
Azerbaijan, Iran. The schematic of the setup is shown in Fig. 1. The
ABR had L W  H dimension of 60  27  30 cm consisting of 6
equal size chambers with the total working volume of 37 L. Each
chamber had a working volume of 6.17 L. The ratio of up-comer to
down-comer section of each compartment was 3:1. Top of the
reactor was covered and a valve was installed to vent the biogas.
The reactor was fed with the real municipal screened wastewater
using a peristaltic pump. The efﬂuent was collected in a tank and
discharged daily.
In order to improve the performance of the ABR, it was inte-
grated with an electrochemical system providing the EABR (elec-
trochemical system with ABR). The electrochemical system was
composed of a pair of similar material (steel or aluminum) plate-
type electrode with the width and length of 2 and 25 cm, respec-
tively, powered by a DC power supply. The thickness of the
electrodes was 2 mm. In the EABR, the electrodes were inserted at
the distance of 1 cm from each other in the 4th down-comer
chamber of the reactor. The submerged length of each electrode
was 15 cm. The DC electrical current at the given density wasRaw wastewater 
Pump
Influent
Fig. 1. The schematicapplied between the electrodes through the weirs connected to the
power supply instrument.
2.2. Reactor start up and experimental procedure
At the beginning of the study the set up was examined for its
water-tightness and troubleshot. Then the ABRwas inoculatedwith
the sludge, having a total suspended solids (TSS) concentration of
8.6 g L1 and pH of 7.5, taken from a local anaerobic treatment plant
as the initial seed. The raw municipal wastewater taken from the
downsteam channel of the screening unit of the target treatment
plant (Khoy city, Western Azerbaijan, Iran) was used to feed the
ABR. The average characteristics of the screened raw wastewater
used over the course of the study are shown in Table 1. Upon
seeding, the ABR was started up with the continuously feeding the
screened raw wastewater using a calibrated variable speed peri-
staltic pump at an HRT of 48 h. When the change in removal of
soluble chemical oxygen demand (sCOD) and TSS remained below
2% during 10 consecutive days, the startup was considered to be
completed.
Upon startup, the steady-state performance of the ABR was
evaluated at different HRTs of 48, 36 and 24 h. The effect of efﬂuent
recirculation ratio (ratio of recycle efﬂuent ﬂow rate to the inﬂuent
ﬂow rate) ranging from 0.25 to 1.0 at the constant HRT of 24 h was
also investigated on the performance of ABR. The steady-state
performance was deﬁned when the change in total COD (tCOD)
and TSS removal percentages remained below 5% during 10-
d consecutive operation. At day 352 of the operation, the ABR in-
tegrated with the electrochemical process. The electrochemical
process was operated with two different electrodes (steel and
aluminum). The electrical current densities was between 0.05 and
0.2 mA cm2 for Al electrodes and between 0.1 and 0.4 mA cm2 for
steel electrode. The reactor was operated for 1 wk for eachABR system 
Vent 
Effluent
Effluent tank
of the ABR setup.
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Fig. 3. The proﬁle of TSS, BOD, tCOD and sCOD removals in the ABR at various HRTs of
48, 36 and 24 h.
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were analyzed in the efﬂuent.
2.3. Sampling and analysis
The inﬂuent and efﬂuent streams of the experimental system
were sampled three times a week. Moreover, to determine the
performance of the each chamber, all compartments were sampled
through the sampling port installed at top of the compartment
when the ABR performed at steady-state under each set of exper-
imental conditions. The target parameters including TSS, volatile
suspended solids (VSS), tCOD, sCOD, BOD, PO4
3, NO3
, NH4þ, TKN,
SO4
2 and total alkalinity were analyzed as described in the Stan-
dard Methods [12]. The samples were ﬁltered using a 0.45 mm
Whatman ﬁlter before measurement of the sCOD. pH and tem-
perature of wastewater were measured using the speciﬁc
electrodes.
3. Results and discussion
3.1. Startup of the ABR
The ABR was started up with feeding the screened raw munic-
ipal wastewater at an HRT of 48 h. Fig. 2 shows the performance
proﬁle of the ABR during the startup phase. As observed in Fig. 2,
after some initial ﬂuctuations, the ABR approached to the steady-
state performance on day 105 of the operation. At this point the
startup was considered to be successfully completed. The average
(± SD) steady-state removals of TSS, sCOD and tCOD after
completion of the startup under the selected conditions was
determined to be 93 ± 1, 81 ± 1 and 89 ± 1%, respectively. The
median efﬂuent pH was 7.8 during the startup period which is at
the optimum level for methanogenesis bacteria. Indeed, consid-
ering the relatively high sCOD removal and the efﬂuent pH, the
system shows clear symptoms of the accomplishment of the
anaerobic biodegradation of the organic compounds.
3.2. Effect of HRT on performance of the ABR
After achieving the steady-state performance in the ABR oper-
ated at HRTof 48 h and startup completion, the HRTwas changed to
36 h and then to 24 h. At each HRT, the ABR was operated to attain
the steady-state performance. Fig. 3 shows the proﬁle of ABR's
performance in treating the municipal wastewater treatment at
various HRTs. After each decrease in HRT, the performance of ABR in0
20
40
60
80
100
0 20 40 60 80 100 120 140
R
em
ov
al
 e
ffi
ci
en
cy
 (%
)
Operation time (d)
TSS
sCOD
Fig. 2. The TSS and sCOD removals during the start up period (HRT ¼ 48 h).removal of the target parameters was reduced but it improved over
time to a steady-state level. Based on Fig. 3, the performance of the
ABR dropped ﬁrst when the HRT was switched from 48 h to 36 h
but it recovered to approximately the previous steady-state con-
dition by continuing the operation under HRT of 36 h. Further
decreasing the HRT to 24 h resulted in a signiﬁcant reduction in the
performance of ABR particularly in the COD removal. Continuing
the ABR operation for 19 d resulted in another steady-state per-
formance although unable to achieve the previous level. The mean
of steady-state removals of TSS, sCOD, tCOD and BOD5 at different
HRTs are shown in Fig. 4.
As seen in Fig. 4, the mean steady-state removal of TSS, tCOD,
sCOD and BOD at HRTof 48 h was 93 ± 1, 89 ± 1, 82 ± 1 and 92 ± 1%,
respectively. The performance of ABR in removing TSS, tCOD, sCOD
and BOD was not signiﬁcantly (< 1%) affected by the reduction of
HRTs from 48 h to 36 h. However, the performance of ABR
decreased when the HRT was further reduced to 24 h; the mean
steady-state removal of TSS, tCOD, sCOD and BOD at HRT of 24 h
was 91, 83, 70, and 87%, respectively. It is seen that the ABR per-
formed well at HRTs  36 h while the lower HRTs resulted in the
reduction of the performance particularly in removing the organic
compounds. The reduction of ABR performance at the lower HRT
can be related to the increase of organic loading rate applied on the
bioreactor and thus affecting the microbial metabolism [13e15].0
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Fig. 4. The average steady-state performance of ABR at various HRTs of 48, 36 and
24 h.
Table 2
Literature on the performance of ABR and its modiﬁcations for treatment of domestic and municipal wastewater.
Process Inlet tCOD (mg L1) HRT (h) Organic loading rate (kg COD m3 d1) COD removal (%) Reference
Combined ABR 386 10 0.93 83.4 [7]
Modiﬁed ABR 400 6 1.6 84 [8]
Combined ABR 305 48 0.15 79 [9]
ABR 760 12 1.52 43 [17]
Modiﬁed ABR 300 15 0.48 62e72 [18]
ABR 716 22 0.78 73 [19]
ABR 682 24 0.68 82 [20]
ABR 2914 28.8 2.43 47 [21]
ABR 564 48 0.28 88 This research
EABRa 564 24 0.56 91 This research
a Electrochemically-enhanced ABR.
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Fig. 5. The proﬁle of TSS and tCOD removal at different compartments of the ABR
(HRT ¼ 24 h).
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bacteria to metabolize the soluble products produced by the
acidogenesis resulting in their accumulation in the efﬂuent
[13e16]. Another reasonmight be the reduction of effective volume
in each chamber due to the accumulation of the solids over the
operation course. The main mechanism of TSS removal might be
the settlement and ﬂotation of solid particles in the compartments
as well as the enmeshment of the particles in the sludge blanket in
the compartments [17]. Also, the main mechanism deduced to be
contributed in the removal of the organic compounds (BOD and
COD) was likely to be methanogenesis, sulfate reduction and
physical capture of particulate organics [17]. Table 2 compares the
performance of ABR for the treatment of municipal wastewater in
this study with the literature. As seen in Table 2, the ABR investi-
gated in this work is comparable with the related literature.
Table 3 compares the efﬂuent quality of the ABR at different
HRTs under steady-state conditions with the Iran's standards for
efﬂuent discharge into the surface water bodies [22]. Based on data
given in Table 3, the ABR could only meet the efﬂuent standard of
TSS in all HRTs. The other measured parameters were above the
standard limits for efﬂuent discharge into surface water bodies
even at the highest tested HRT of 48 h. Therefore, the ABR operated
at the above-mentioned conditions could not be considered as a
technically viable option for municipal wastewater treatment.
However, several options are available for improving the efﬂuent
quality of the ABR to meet the discharge standards. We tried two
options: efﬂuent recirculation and electrochemical process.
Another point observed in Table 3 is the increase of the ammonia
concentration in the efﬂuent due to anaerobic decay and hydrolysis
of the organic nitrogen in the reactor [18].3.3. TSS and tCOD removals at different ABR's compartments
The removal of TSS and tCOD at various compartments of ABR
operated at HRT of 24 h was evaluated and the results are shown in
Fig. 5. As seen in Fig. 5, the removal of TSS improved from 41 to 91%
and that of tCOD increased from 58 to 83% as the wastewater
passed from the ﬁrst compartment along the length of the ABR. It isTable 3
The efﬂuent quality of the ABR operated at different HRTs under steady-state conditions
HRT TSS (± SD), mg L1 tCOD (± SD), mg L1 BOD (± SD), mg L
Inﬂuent Efﬂuent Inﬂuent Efﬂuent Inﬂuent Efﬂ
48 h 258 ± 11 20 ± 2 588 ± 28 70 ± 4 376 ± 10 31 ±
36 h 276 ± 10 21 ± 1 595 ± 12 68 ± 2 370 ± 7 33 ±
24 h 270 ± 18 23 ± 3 582 ± 17 95 ± 2 375 ± 11 47 ±
Standarda e 30 e 60 e 30
a Efﬂuent discharge standards (average monthly) to the surface water bodies based oalso observed in Fig. 5 that around 75% of the TSS and tCOD re-
movals achieved in the three ﬁrst compartments. It suggests that
the forth compartment might be an appropriate place to incorpo-
rate the electrochemical process in order to enhance the perfor-
mance of ABR.
3.4. Effect of efﬂuent recirculation on performance of the ABR
The effect of efﬂuent recirculation ratio at values between 0.25
and 1.0 was evaluated on the efﬂuent quality of the ABR. Fig. 6
depicts the proﬁle of ABR's performance at various efﬂuent recir-
culation ratio. Unfortunately, the efﬂuent recirculation did not
improve the efﬂuent quality but in fact slightly adversely affected
the efﬂuent quality. The efﬂuent recycle may affect the perfor-
mance of ABR through different mechanisms including diluting the
inﬂuent in terms of organic compounds and the toxicity as well as
the addition alkalinity for better pH control [23]. Nonetheless, as
the inﬂuent was a low strengthmunicipal wastewater with no toxic.
1 pH NH4
þ (± SD), mg-N/L PO4
3 (± SD), mg L1
uent Inﬂuent Efﬂuent Inﬂuent Efﬂuent Inﬂuent Efﬂuent
10 7.5 7.5 72 ± 3 93 ± 2 23 ± 2 20 ± 1
7 7.6 7.5 66 ± 2 81 ± 1 23 ± 1 19 ± 1
11 7.6 7.5 60 ± 6 73 ± 1 23 ± 1 19 ± 1
e 6.5e8.5 e 2.5 e 6
n the Iran Environment Protection Organization.
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Fig. 6. Effect of efﬂuent recirculation (ER) on the performance of ABR in treating
municipal wastewater (HRT ¼ 24 h).
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ABR performance. The slight reduction of ABR's performance with
the increase of efﬂuent recycle rate can be related to the dilution of
the inﬂuent and thus slowing the rate of microbial metabolism.3.5. Effect of electrochemical process integrated with the ABR
Another option designated to improve the efﬂuent quality of the
ABR for treating the municipal wastewater was its integration with
an electrochemical process. Therefore, the 4th down-ﬂow
compartment was converted to the electrochemical cell by insert-
ing a pair of electrodes from steel or aluminum materials and
applying various densities of the DC electrical current. Table 4
compares the efﬂuent quality of the ABR with that of the
electrochemically-enhanced ABR (EABR) using steel and aluminum
electrodes. As shown in Table 4, the integration of electrochemical
process with both steel and aluminum electrodes could improve
the efﬂuent quality of the ABR for parameters of TSS, tCOD, BOD5,
SO4
4 and PO4
3 to the standard levels set for discharge into the
surface water [22]. As observed in Table 4, the EABR with Al elec-
trode using a current density as low as 0.1 mA cm2 decreased the
concentration of TSS, tCOD, BOD, SO4
4 and PO4
3 to the discharge
standard levels where as a minimum current density of
0.3 mA cm2 was needed in the EABRwith steel electrodes to attain
the discharge standards. It is observed that the EABR with Al
electrodes performed much better than that with steel electrodes
at considerably lower current densities. Therefore, the EABR is a
promising and simple-to-operate process for efﬁcient treatment ofTable 4
The comparison of the efﬂuent quality of ABR with EABR in treatment of municipal was
Parameter pH TSS, mg L1 tCOD, mg L1 B
Inlet 7.6 267 564 3
ABR outlet 7.5 23 95
EABR outlet (Al electrodes)
0.05 mA cm2 8.0 17 68
0.075 mA cm2 7.9 19 61
0.1 mA cm2 7.9 18 53
0.2 mA cm2 7.9 17 41
EABR outlet (St electrodes)
0.2 mA cm2 7.8 18 61
0.3 mA cm2 8.5 20 53
0.4 mA cm2 8.1 20 46
0.5 mA cm2 7.8 23 35
Standarda 6.5e8.5 30 60
a Efﬂuent discharge standards (monthly average) to the surface water bodies based onmunicipal wastewater to the regulatory levels. The removal of TSS,
tCOD, BOD and phosphate obtained in the EABR with a relatively
small current density is well comparable with those attained in the
chemically enhanced sedimentation as well as in the UASB [17]. The
main features of EABR as compared with the enhanced sedimen-
tation are no need to any external chemical addition and the daily
solids wasting [17]. Therefore, the EABR can be an efﬁcient and
promising technique for protection of the quality of water sources
[24].
The improvement of ABR efﬂuent quality upon integration with
the electrochemical process can be attributed to the formation of
hydroxyl-metal precipitates due to anode scariﬁcation and thus co-
precipitation of contaminants with the generated ﬂocs [10,11]. The
higher the current density applied between the electrodes, the
better quality of the ABR efﬂuent. The increase of the EABR per-
formance with the increase of applied current density can be
explained by the fact that increasing electrical current density ac-
celerates anodic sacriﬁcation and the generation of Fe2þ ions which
enhances the electrocoagulation reaction [25,26]. Considering the
small scariﬁcation of Al electrode (< 1 wt%) and very low current
density applied to the system (0.1 mA cm2), the EABR with Al
electrodes is a cost-effective system for efﬁciently treating the
municipal wastewater to the discharge standards.Conclusions
The present work presents the investigation of ABR and
electrochemically-enhanced ABR for municipal wastewater treat-
ment. The effect of HRT and efﬂuent recirculationwas evaluated on
the performance of ABR in treating the municipal wastewater. The
ABR could only meet the TSS efﬂuent standard for discharge into
the surface water. In the other word, the concentration of tCOD,
BOD and nutrients in the efﬂuent of ABR operated at HRT of 48 h
was above the standard limits. The efﬂuent recirculation rate
ranging from 0.25 to 1.0 at the constant HRT of 24 h slightly dete-
riorated the efﬂuent quality of ABR. Integration of an electro-
chemical process with the ABR (EABR) could considerably enhance
the performance of the treatment. The electrochemical process
with aluminum electrodes was more efﬁcient than that with the
steel electrodes. The EABR with aluminum electrodes using a
relatively lowcurrent density of 0.1mA cm2 operated at the HRTof
24 h could treat the municipal wastewater to the discharge limits
for TSS, tCOD, BOD, SO4
4 and PO4
3 parameters. In conclusion,
integration of the electrochemical process with low current density
with the ABR is a feasible technique for improving the performance
of ABR in treating wastewater to the standard level.tewater.
OD5, mg L1 SO4
4 , mg L1 NH4
þ , mg-N/L PO4
3 , mg L1
52 76 57 23
47 26 73 19
32 23 44 1.0
29 14 46 0.7
25 18 49 0.4
19 12 46 0.5
29 8.0 51 1.6
25 4.7 53 1.5
22 7.6 50 1.9
20 9.3 54 1.8
30 400 2.5 6
the Iran Environment Protection Organization.
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